Nanostructured ternary manganese(IV) oxides are of importance as electrode materials. A lowtemperature, precursor mediated route has been designed to obtain ternary oxides containing Mn(IV) and Zn(II) at ambient pressure. The defect spinel, Zn 0.83 (Mn 1.42 Zn 0.34 )O 4 was obtained by annealing at optimal conditions after the thermal decomposition of oxalates of zinc and manganese co-precipitated at room temperature. This is the first report of a low temperature (250 C) and normal atmospheric pressure synthesis of a ternary zinc manganese oxide containing purely tetravalent manganese. Rietveld refinement indicates zinc occupancy in both tetrahedral and octahedral sites with the refined composition of (Zn 0.83 ) tet (Mn 
Introduction
Stabilization of unusual oxidation states has been of great interest and a challenge to inorganic chemists, as many of these compounds are expected to show novel properties. Oxides containing tetravalent manganese are of importance in batteries and super-capacitors as electrodes and as catalysts for the degradation of organic compounds. Tetravalent manganese compounds such as MnO 2 and AMnO 3 have been previously reported while the spinels of Mn(IV) are rare. AMnO 3 (A ¼ Ca, Ba, Sr, Ni, Co, Zn and Mg) compounds containing Mn(IV) ions normally crystallize in either the ilmenite (A ¼ Ni, Co, Zn and Mg) or the perovskite structure (A ¼ Ca, Ba and Sr).
1 However, almost all the above Mn(IV) compounds have been synthesized at high pressure (sometimes exceptionally high, e.g. 3000 atm for MgMnO 3 ). There is no report so far of the synthesis of any Mn (IV) based ternary oxides at ambient conditions and low temperature (less than 300 C), though the binary Mn(IV) oxide (MnO 2 ) has been synthesized by low temperature routes at ambient pressure. 2 In the Zn-Mn-O ternary system, five phases (ZnMn 2 11 Zn x Mn 3 À x O 4 (1 # x # 2) crystallizes in two different phases, one having a tetragonal structure (Fig. 1a) with space group I4 1 /amd, and another having a cubic structure with a Fd 3m space group (Fig. 1b) . The two crystal structures in Zn x Mn 3 À x O 4 have a different average oxidation state of manganese ( Fig. 1a-b) . The tetragonal Zn x Mn 3 À x O 4 (space group I4 1 /amd) has manganese completely in a + 3 oxidation state, which is quite stable and has been isolated as a pure phase. 7, 8 However, the cubic spinel phase found in Zn x Mn 3 À x O 4 has been observed as an impurity phase along with zinc oxide and tetragonal ZnMn 2 O 4 .
9-12 Earlier reports of the cubic spinel phase shows the presence of mixed valent manganese (+3 and +4).
13-16
Solid solutions of tetragonal Zn x Mn 3 À x O 4 (0.5# x # 1.5) have been synthesized by the citrate route.
11, 16 The pure cubic spinel phase of Zn x Mn 3 À x O 4 (space group Fd 3m) forms only in the temperature range of 400-800 C. 
Results and discussion
Structure and compositional analysis Oxalate precursor of zinc and manganese. The powder X-ray diffraction pattern of the oxalate precursors obtained by the coprecipitation method (at room temperature) shows the formation of a mixture of zinc oxalate dihydrate and manganese oxalate dihydrate (Fig. S1 †) . The atomic absorption study of the oxalate precursor shows that the ratio of Zn : Mn is 2 : 1. SEM-EDX (Fig. S2 †) carried out over a large area (250 mm Â 500 mm) of a pelletized sample also shows the ratio of Zn : Mn to be 2 : 1. It may be noted that the loaded composition of the oxalate precursor contains a Zn : Mn ratio of 1 : 21. The marked variation in the loaded and experimentally evaluated composition of oxalate precursor is because of the different rate of precipitation of the zinc oxalate (higher rate) and manganese oxalate.
22
Thermogravimetric analysis of the oxalate precursor carried out in flowing nitrogen shows two regions of weight loss, the first at 150 C corresponds to loss of two water molecules and the second at 400 C corresponds to loss of carbon dioxide and carbon monoxide (Fig. S3 †) . It may be noted that synthesis of Zn-Mn-O compounds and earlier studies on the phase diagram 21, 22 have been carried out above 400 C. There is no report on the synthesis of Zn-Mn-O phases at temperatures below 400 C and at ambient pressure. Although, the hydrothermal route for the synthesis of the Mn(III) spinel ZnMn 2 O 4 is carried out at 120 C.
23
Zinc manganese oxide. The oxalate precursor was separately heated at 250 C, 450 C and 600 C and the product was refluxed in acetic acid (0.1 M) to remove the excess zinc oxide. The PXRD pattern of the product obtained at 250 C and 450 C was similar to the reported 'cubic ZnMnO 3 ' phase 13, 20 (JCPDS card no. 191461) (Fig. 2a-b) . However, the PXRD pattern of the product obtained at 600 C shows the presence of the above mentioned View Online phase along with ZnO (8%) as an impurity (this will be discussed later). The powder X-ray diffraction pattern of the product obtained at 250 C shows that the product was poorly crystalline (Fig. 2a) . As, we raised the temperature of calcination, the crystallinity of the product improved gradually (Fig. 2b) . The X-ray diffraction pattern of the oxide obtained at 600 C is very close to the so called ZnMnO 3 20 as discussed earlier. However, a careful study (with the slow scan data) shows the presence of minor impurity of ZnO (8%) (Fig. 3a) . Chemical analysis (AAS) and EDX studies of all the products (obtained at 250 C, 450 C and 600 C) shows a Zn : Mn ratio of 2 : 1 which is close to the Zn : Mn ratio in the oxalate precursor discussed earlier. It seems that the excess zinc oxalate converted to amorphous ZnO which can be detected by the AAS analysis (as AAS requires dissolution of the products). To remove ZnO, the products (all as-obtained products at 250 C, 450 C and 600 C) were refluxed at 120 C for 6 h in acetic acid. There is no change in PXRD pattern of the refluxed product obtained at 250 C and 450 C and is similar to the PXRD patterns discussed earlier for the oxides before reflux (Fig. 2a-b) . However the product obtained at 600 C shows the absence of ZnO impurity after refluxing (Fig. 3b) . The AAS and SEM-EDX studies (Fig. S4a-b † ) of the refluxed product shows Zn : Mn in the ratio of 1 : 1.21 which confirms the absence of ZnO in the refluxed samples. The structure of the ternary oxide obtained at 450 C and 600 C (followed by reflux in acetic acid at 120 C) could be refined satisfactorily (Rietveld method) with a refined composition of (Zn 0.83 (2) (Fig. 4b) respectively. The R-factor and c 2 values indicate a good quality of refinement (Fig. 4a-b) . The relevant crystallographic parameters are included in Table 1a and b. The refined occupancy factors show, 83% of the tetrahedral sites are occupied by Zn while the octahedral sites are occupied partially by Mn (71%) and Zn (17%). It is rare to have Zn occupy octahedral sites (3d 10 electronic configuration) and it is known to occupy tetrahedral sites in most of its compounds. The occupancy of Zn in an octahedral site for a Zn-Mn-O system has been discussed previously by Blasco et.al.
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Oxidation state of manganese in zinc manganese oxide
The oxidation state of manganese in the ternary zinc manganese oxide has been investigated using XPS, magnetic and Rietveld refinement studies (Table 1a and b). X-ray photoelectron spectroscopy (XPS) studies of the as obtained products at each stage have been analyzed. The core level spectra of Mn (2p) shows two peaks at binding energies 642.1 eV and 653.8 eV, which correspond to the 2p 3/2 and 2p 1/2 levels respectively, and the peak separation between 2p 3/2 & 2p 1/2 is observed to be 11.70 eV (Fig. 5) . To evaluate the oxidation state of the Mn, the FWHM (Full Width Half Maxima) of the Mn 2p 3/2 core level spectra is measured using peak-fit software. The FWHM of the Mn 2p 3/2 peak is found to be 3.33 eV at the binding energy value 642.1 eV (shown as an inset of Fig. 5 ) which confirms the presence of Mn in the IV oxidation state reported earlier. 28 Further, the magnetic moment, 3.77 m B , also suggests the presence of tetravalent manganese.
Size and morphology of zinc manganese oxide. Transmission electron microscopic analysis (TEM) studies of the oxalate precursors show spherical nanoparticles with an average size of 80-100 nm (Fig. S5 †) . TEM micrographs of the C and 450 C shows spherical nanoparticles with sizes of around 5-10 nm and 10-20 nm respectively (Fig. 6a and 7a) . The product obtained at 250 C has the lowest particle size compared to all the previous reports on zinc manganese oxide (lowest reported size was 20-30 nm).
7,25-27 The ability to synthesize materials at low temperatures generally yields fine particles. HRTEM studies of the spinel phases obtained at 250 C and at 450 C show the crystalline nature of the nanorods, as shown by the regular lattice fringes (Fig. 6b and 7b) . The electron diffraction pattern of Zn 0.83 (Mn 1.42 Zn 0.34 )O 4 obtained at 250 C confirms the cubic structure and the sharp spots indicate the crystallinity of the particles (Fig. 6c) . A TEM micrograph of the product obtained after refluxing of the 250 C, 450 C and 600 C heated samples shows the formation of nanorods with aspect ratios 6 (250 C, dia ¼ 10 nm, length ¼ 60 nm) (Fig. 8a) , 10 (450 C, dia ¼ 15 nm, length ¼ 150 nm) (Fig. 9a ) and 10 (diameter 50-60 nm, length 300-500 nm and aspect ratio 6-10) (Fig. 10a) . The crystalline nature of the nanorod is shown by the regular lattice fringes (Fig. 9b and 10 b) . This is the first report of the synthesis of any spinel in the Zn-Mn-O system at such a low temperature. These nanostructures have the lowest size previously reported for zinc manganese oxide (Note that there are no reports on nanorods of Zn-Mn-oxide while the lowest particle size reported earlier was 25 nm). We believe that on heating the mixture of zinc oxalate and manganese oxalate in air at low temperature (250-450 C) led to the formation of ZnO and Table. 2 (Fig. 11a-b) . The effective magnetic moments were calculated using the formula ''Zn 0.83 (Mn 1.42 Zn 0.34 )O 4 '' in which we have considered ZnO as a non-magnetic impurity. The effective magnetic moment was calculated from the high temperature (200-300 K) data of the inverse susceptibility plot which shows the presence of only Mn(IV) at each stage, except the product obtained at 250 C. At 250 C, the magnetic moment per mole of Mn ion is 5.48 m B which corresponds to Mn(II). It seems that, at 250 C, the small quantity of un-decomposed manganese oxalate containing Mn (II) is present and dominates the magnetic moment. All other products show that the magnetic moment corresponds to tetravalent manganese (Table 2 ). It may be noted that any admixture of lower-valent manganese would increase the magnetic moment. Hence, we conclude that the Mn(IV) oxidation state is maintained in the spinel phase. Interestingly, we have observed that the magnetic susceptibility value is highest (0.145 emu/g, at 10 K) for the nanorods with lower dimensions (obtained at 250 C after reflux) (Fig. 12) . Also, for the particles (obtained at 250 C) of Zn 0.83 (Mn 1.42 Zn 0.34 )O 4 of lower dimensions (5-10 nm), the magnetic susceptibility is quite low (0.03 emu/g, at 10 K (Fig. 12) . This is a rare example of transformation of nanospheres to nanorods involving tetravalent manganese (Zn 0.83 (Mn 1.42 Zn 0.34 ) O 4 ). The slight deviation of the magnetic moments of the products (Table 2) Finechemicals, 99%) were used in the synthesis. Mixed metal oxalates of zinc and manganese were synthesized by a coprecipitation method. To 20 ml of an aqueous solution of zinc nitrate (0.1 M), 20 ml of aqueous manganese acetate (0.1 M) solution was slowly added and the solution was stirred for 2 h after which 40 ml of ammonium oxalate (0.1 M) was slowly added and then stirred overnight. The oxalate precursor was isolated by centrifugation, washed with acetone and then dried in air. The precursor was then calcined at various temperatures (250 C, 450 C and 600 C) in air, followed by refluxing in acetic acid (0.1 M) medium at 120 C for 6 h, yields the pure Zn-Mn-O spinel.
Powder X-ray diffraction (PXRD) studies were carried out on a Bruker D8 Advance diffractometer using Ni filtered Cu-Ka radiation with a step size of 0.02 and a step time of 1 s. Raw data were subjected to background correction and Ka 2 lines were removed. PXRD data for Rietveld refinement was collected using a step size of 0.02 and a step time of 8 s per step were used. Structural refinement was carried out using the TOPAS software 21 in the space group Fd 3m. The background was modeled by a shifted Chebyschev polynomial and the peak profile was simulated with a pseudo-Voigt function. The refinement involved the cell parameter, scaling factor, positional parameters, the isotropic thermal parameters for all atoms and the site occupancy factors. EDX data of the sample was obtained using a scanning electron microscope (Carl Zesis EVO 50 WDS electron microscope). The X-ray photoemission spectrum (XPS) was recorded in a Perkin-Elmer instrument, using Al-Ka radiation at 2 Â 10 À9 Torr base vacuum. Elemental analysis for Zn and Mn were performed using atomic absorption studies (atomic absorption spectrophotometer, analyst 100 Perkin-Elmer). TEM studies were carried out using a Tecnai G 2 20 electron microscope operated at 200 kV. TEM specimens were prepared on Cu grids by dispersing the oxide and oxalates in ethanol. Temperature and field dependent magnetization measurements were carried out by using a quantum design physical properties measurement system. The magnetization was measured at temperatures ranging from 3 to 300 K, in an applied field of 0.1 Tesla. 
Conclusions
Nanorods and nanoparticles of Zn 0.83 (Mn 1.42 Zn 0.34 )O 4 containing only Mn(IV) have been successfully synthesized at low temperature (250 C) and ambient pressure. Our methodology opens a new route for stabilizing higher oxidation states of manganese in complex zinc-manganese oxides. Nanoparticles and nanorods of variable dimensions have been synthesized at low temperature via a precursor mediated route. Our study developed a new single step process to transform nanospheres in to nanorods at low temperature. The phase is antiferromagnetic and the magnetic moment suggests the presence of only Mn(IV) which is also confirmed by XPS studies. The nanorods of smaller aspect ratio show higher magnetic moments/susceptibility compared to the rods of higher dimensions and also from nanosphere of any dimension. E: 600 C, reflux (nanorod, diameter ¼ 50-60 nm, length ¼ 300-500 nm).
